Naiara Rodríguez-Ezpeleta and Hervé Philippe* One of the most important contributions of Charles Darwin to the study of evolution was his demonstration that the comparison of differently advanced stages from a transformation series is critical to understand complex historical processes [1] . This principle has been crucial to decipher numerous evolutionary processes in biology [2] . However, its application to understand the origin of eukaryotic plastids has not been fully satisfactory, mostly because extant representatives of intermediate stages are lacking. In a recent paper, Marin et al. [3] report that the eukaryote Paulinella chromatophora may represent a missing evolutionary stage crucial to the understanding of one of the key
Plastid Origin: Replaying the Tape
It is now well accepted that the origin of all plastids can be traced back to a single primary endosymbiosis involving a eukaryote and a cyanobacterium. Challenging this view, a recent study provides the first evidence for a second and more recent primary endosymbiosis.
innovations in the evolution of life -the origin of the plastids that carry out oxygenic photosynthesis in eukaryotic cells.
Eukaryotes acquired the ability to convert light into chemical energy through an endosymbiotic event in which a nonphotosynthetic ancestor engulfed a cyanobacterium [4] . After extensive debate [5, 6] , it is now accepted that this event was unique, and that it gave rise to plastids present in the so-called primary photosynthetic eukaryotes (green plants, red algae and glaucophytes) [7] . All other photosynthetic eukaryotes acquired their plastids by subsequent endosymbiosis with one of those former groups, and they are, therefore, called secondary photosynthetic eukaryotes [8] . Plastids have diverged enormously from their cyanobacterial ancestor during their ~1 billion years of intracellular evolution [9] . In particular, their genome is extremely reduced -most genes have been lost or transferred to the host cell nucleus, and some gene products are now being imported into the plastid after translation in the host cell [ Several steps are required for a cyanobacterium to be transformed into a plastid (Figure 1 ). First, a phagotrophic eukaryote starts feeding on cyanobacteria; second, this eukaryote develops the ability to retain and use its prey for short periods of time before digestion; lastly, four main transitions occur: the host and symbiont cell divisions become synchronized, one of the membranes surrounding the symbiont is lost, genes are transferred from the symbiont to the host, and a protein import system develops, which translocates proteins encoded by the nucleus into the plastid. It is not known whether these last steps occur in a particular order or in parallel, but once they are completed the symbiont has become a primary plastid.
A few extant eukaryotes are known to be at the two very early stages of this transformation series: those that feed on Cyanobacteria [13] , and those that retain them as transient organelles [14] . Although study of these species can shed light on the first steps of the process, the gap between these premature stages and the fully integrated plastids of green plants, red algae and glaucophytes hinders the application of Darwin's principle to understand the transformation of a cyanobacterium into a plastid (Figure 1) .
In a recent study, Marin et al. [3] To clarify the origin of the photosynthetic organelles of P. chromatophora, they have determined the rDNA operon of the organelles and performed phylogenetic analyses including sequences from several bacteria and plastids. Their analyses unambiguously show that the P. chromatophora organelles do not belong to the plastid clade, and that they tightly group with a cyanobacterial cluster formed by Synechococcus and Prochlorococcus species. The hypothesis that the photosynthetic organelles of P. chromatophora are related to plastids of glaucophytes is thus rejected. Therefore, the poorly studied cercozoan P. chromatophora appears to be undergoing a second and independent primary endosymbiosis, meaning that this organism is in the process of acquiring a primary plastid. Importantly, this primary endosymbiosis has occurred much more recently than the one giving rise to plastids of green plants, red algae and glaucophytes. However, molecular dating studies are required to better estimate when precisely this endosymbiosis took place.
The results of Marin and coworkers [3] show that P. chromatophora is most likely at an intermediate stage between the eukaryotes that do and those that do not contain primary plastids, making the study of this enigmatic organism invaluable for the reconstruction of how a free living cyanobacterium turns into a plastid. Of utmost interest is the precise identification of the stage where P. chromatophora lies in the process of plastid acquisition. To this end, the mechanism controlling the cell division synchronization, the reduction level of the symbiont genome, the number of cyanobacterial genes already transferred to the nucleus or the possible existence of a protein import system should be examined. Obviously, these investigations will be greatly facilitated by the complete sequencing of the plastid and nuclear genomes of P. chromatophora, a task thattogether with the establishment of other molecular techniquesshould be considered a priority in order to establish P. chromatophora as a model species for functional studies.
Complementing the results of Marin et al. [3] , a recent study [20] reports an enigmatic flagellate (Hatena) at an early stage of plastid acquisition, although through secondary endosymbiosis. Because several eukaryotic groups have undergone this process independently, the comparison of differently advanced states is easier in the case of secondary endosymbioses. Indeed, impressive intermediate stages are observed in cryptomonads and chlorarachniophytes, in which so-called nucleomorphs correspond to the remnant nucleus of the eukaryotic symbionts.
Apart from the obvious impact that this work has on the understanding of the evolution of eukaryotic photosynthetic lineages, it also points to an unfortunate bias of our global scientific strategy. Presently, most efforts are concentrated on the complete genome sequencing and thoughtful study of a relatively small number of well-known organisms. Yet, as illustrated by the finding of P. chromatophora and of Hatena, only through the conscientious sampling of biodiversity will we have a sufficiently large variety of species, necessary for a better understanding of unexplained events in the evolution of life.
